The preparation of membranes of nylon 4,6 by diffusion-induced phase separation (DIPS ) using formic acid as a solvent and water as a nonsolvent was studied. Nylon 4,6 is a semicrystalline polymer; phase separation from a solution can occur by solid-liquid (s-1) demixing as well as by liquid-liquid (1-1) demixing. Upon quenching films of solutions with low polymer concentration ( < 17 wt % ) in a nonsolvent bath containing water, the morphology of the membranes show a foam-like structure typical for 1-1 demixing. When phase separation is induced by water vapor a transition in structure occurs from the cellular type to a morphology typical for s-1 phase separated films. At higher polymer concentrations membranes exhibit structures consisting of spheres or smaller crystal-like units resulting from an s-1 phase separation process. The addition of 2 wt % or more of water to polymer solutions with low concentration (up to 15 wt % ) resulted in s-1 demixing as well. In a DIPS process s-1 demixing is kinetically competitive with 1-1 demixing if nuclei are already present in the starting solutions (heterogeneous nucleation), or if a relatively long time is available for crystal nuclei to be formed. The morphology resulting from s-1 demixing is a result of spherulitic crystallization. A certain concentration of nuclei or of precursor particles already present results in a small nucleation density during precipitation and thus large spherulites can be grown; at higher polymer and/or water concentrations the nucleation density increases resulting in an axialitic morphology of the membranes. 
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I NTRO DUCT ION
The use of aliphatic polyamides, such as nylon 6 , nylon 6, 6 , and nylon 11, as a membrane material is of growing importance: most applications are found in microfiltration' for which preparation of nylon membranes has been described in patents. It is expected that aliphatic polyamides will be used in a much broader field because of their favorable mechanical properties and chemical stability.
Membranes can be prepared by various techniques one of which is immersion precipitation, a widely used technique.2 A polymer solution is cast as a thin film and subsequently immersed in a nonsolvent bath, thereby inducing diffusion-controlled phase separation (DIPS). The liquid-liquid (1-1) demixing process that usually takes place for amorphous and low-crystalline polymers has been studied extensively in our l a b~r a t o r y .~-~ Solid-liquid ( s-1 ) demixing in membrane formation has also been des~ribed.67~ Lloyd et al. studied the thermally induced phase separation process (TIPS) of isotactic polypropylene and polyethylene solutions. In recent work an extensive study on the different possibilities of demixing processes of a binary system was presented.'-'' Our objective is to investigate the process of s-1 demixing behavior of films cast from a nylon 4, 6 solution in a diffusion-induced demixing process in a ternary system.
Crystallization phenomena in (quasi) ternary mixtures for membrane formation have been studied in our laboratory13 for the system cellulose acetate, dioxane, and water; by van The work described on DIPS so far indicates that crystallization can influence the membrane structure but the nature of the demixing process is still unknown. Agglomerates formed during the demixing process are called aggregates." Aggregate formation of lamellar type can be grown from dilute solutions and more complex morphologies, for example, dendrites and spherulites are formed from solutions of medium concentrations upon decreasing the thermodynamic quality of a polymer solution by loss of solvent, by lowering the temperature, or by introducing a nonsolvent.
From the literature it became clear that aliphatic polyamide membranes were formed according to an s-1 demixing process.20-21 In our work nylon 4,6 was chosen as a material for membrane formation because of its promising properties for membrane applications in terms of chemical stability.
The aim of the present work is to study:
1.
2.
the phenomenological effects of various membrane formation parameters and the features of this polymer as a model system for a process in which both s-1 and 1-1 demixing can occur during immersion precipitation.
THEORY Membrane Formation in Ternary Systems
Membrane morphologies obtained by immersion precipitation are usually a result of 1-1 demixing of the ternary system polymer, solvent, and nonsolvent. A dissolved polymer film is cast onto a support. This is then immersed into a bath containing nonsolvent. Exchange of solvent and nonsolvent leads to instability of the polymer solution. Pores in the final membrane are a result of nuclei that are grown from the polymer lean phase. The morphology of such a membrane can be visualized as a cellular or foam-like structure.
Semicrystalline Polymers
A semicrystalline polymer in a diluent can decrease its free enthalpy by separation of the homogeneous solution into a phase that consists of a pure crystalline polymer and a remaining phase that is smaller in polymer concentration (s-1 demixing) . In such a membrane pores are the voids between the crystalline structures.
The thermodynamic background of s-1 demixing is shown for the binary case with one crystallizable polymer and one diluent (Fig. 1 ) . If no 1-1 demixing takes place, the free enthalpy of mixing ( G M ) curve is concave and strongly asymmetric for a system with one polymer. The complete melting point depression curve can be described according to FloryZ2 by: and Xpd the interaction parameter polymer diluent.
The thermodynamic relation of chemical potentials of the crystalline phase and the diluent phase in a ternary system is more complicated. Altena et al. 23 derived an expression for the melting point depression of the polymer ( 3 ) in a ternary system containing solvent ( 2 ) as well as nonsolvent ( 1 ) using concentration independent Flory Huggins parameters, Xl2, XIS, and Xz3. Burghardt et a1.18 derived a relation for concentration dependent interaction parameters. It is very difficult, however, to obtain all the concentration dependent parameters for a ternary system; therefore we tried to understand the behavior of the melting point depression for a ternary system in a more intuitive manner. It is expected that the lower the equilibrium melting temperature, the better the solvent for the polymer. This was discussed by Paul24 using the approach of solubility parameter^.'^ Figure 1 ( b ) shows how a melting point depression curve may change with an increasing interaction parameter, Xpd. When the diluent phase contains more nonsolvent, the diluent is a poorer solvent for the polymer. With a constant polymer concentration the equilibrium melting temperature increases when the nonsolvent content is larger.
For a ternary system a three-dimensional plot can be constructed as shown in Figure 2 . The curve in the polymer-solvent plane (curve A in the left-hand plane of the triangle diagram) represents the melting point depression curve for the polymer-solvent system. Curve B represents polymer solutions in which a certain constant ratio of solvent and nonsolvent is present. The cross section of the different equilibrium lines with the temperature plane at 30°C gives the equilibrium (isothermal) crystallization line in the ternary phase diagram at 30°C. Since the curves for larger nonsolvent concentrations and identical polymer concentration lie at higher T values than the polymer-solvent line, the isothermal crystallization line shifts to lower polymer concentration for larger nonsolvent concentrations.
An equilibrium crystallization line in the phase diagram represents s-1 demixing. For membrane forming systems also an 1-1 demixing gap is present, which results in a 1-1 demixing process. Area B-C-P is the area in which three phases are in equilibrium: the compositions indicated with B, C, and P. In area P-C-NS, phase separation into a solid phase ( P ) and a liquid phase with a composition on the line C-NS will occur.
It is important to notice that a phase diagram represents equilibrium thermodynamics; kinetic effects are not included. During membrane formation, diffusion processes of nonsolvent and solvent continue; equilibrium is never achieved. At a certain position in the film a composition may thermodynamically be meta-stable, but the time scale for demixing can be too short for the demixing process to take place. The crystallization process especially is expected to require a time interval in which polymer chains are allowed to migrate to a growing crystal and to exhibit a surface reaction on the crystal. In addition to this consideration a certain degree of supersaturation is necessary. 2 ) , and a nonsolvent (NS, index: 1 ) .
EXPERIMENTAL
Nylon 4, 6 (Stanyl KS 400, kindly supplied by DSM) , was dissolved at 30°C in formic acid (Merck, analytical grade 98%) in a concentration range of 10-32 wt %. The polymer was dried in vacuo for at least 24 h before use; formic acid was used without further purification. Polymer solutions were cast on a glass plate with a thickness of 0.3 mm. The glass plate with the cast polymer solution was immediately immersed in a water bath. After sufficient coagulation time the membranes were removed from the glass plate, rolled in filter paper, and washed with demineralized water for at least 24 h.
The morphology of the membranes was examined by scanning electron microscopy (Jeol JSM T 220A). The samples were wetted in ethanol, cryogenically broken, and dried in vacuo for at least 6 h. A thin layer of gold was deposited on top of the sample with a Balzer Union SCD 040 sputtering apparatus (sputtering conditions: 25 mA for 2 min) .
As a first characterization method, the pure water flux, using ultrafiltrated water, was measured with an AmiconTM set-up at an applied pressure difference of 2 bar. Pore size analysis was performed on a CoulterO Porometer I1 ( ASTM F316-80, 1980; BS 6410: 1984) with CoulterO Porofil as a wetting liquid. The sample holder diameter was 25 mm.
Differential scanning calorimetry ( Perkin Elmer DSC-4) was used to investigate the crystalline nature of the polymeric membranes.
RESULTS
The effect of enlarging the polymer concentration from 10 to 32 wt % on the ultimate membrane morphology can be clearly observed by electron microscopy (Fig. 4 ) . At lower polymer concentrations ( < 17 wt % ) 1-1 demixing takes place, and the membranes show a cellular morphology. At concentrations between 20 and 30 wt % s-1 demixing occurs resulting in a structure formed of spheres. Growth of a nucleus takes place from the polymer-rich phase that consists of ordered crystalline material, surrounded by a highly concentrated phase of amorphous polymer molecules. Apparently the underlying process is spherulitic crystallization. Membranes prepared from a polymer solution with a concentration larger than 30 wt % show axialitic crystalline units, which are intermediate stages in the development of a spherulite. The growth of crystalline units to a complete spherulite in this case is inhibited.
Using a polymer concentration of 20 wt % with an increasing amount of water in the initial solution a similar effect can be observed. The membrane is the result of s-1 demixing with a spherulitic structure. The spherulite size has decreased from 10 to 2 pm when 5 wt % of water (nonsolvent) is added to the initial solution. Upon increasing the water concentration in the starting solution the structure changes to a finer morphology. The membrane with 10 w t % of water in the original solution shows an axialitic structure. Such an effect is also shown in Figure 5 starting with a 15 wt % polymer solution.
The final structure here ( 15 wt % P, 20 wt % water)
is better described as a dendritic or leafy structure. Table I summarizes the effect of polymer and water concentration on morphology of the membranes.
The performance of the membranes is shown in Table 11 . Typical microfiltration membranes were synthesized 0.1 pm membranes for the use in, for example, the semiconductor industry; 0.2 pm for an absolute sterilizing grade; and 0.45-0.65 pm for the use in the beverage industry. Pure water fluxes and air permeability give an indication about the performance of the membranes. In membranes that result from a 1-1 demixed morphology, the pores originate from the growth of nuclei of the polymer lean phase; pores in a s-1 demixed type of membrane are the voids between the semicrystalline units. It is obvious that a more interconnected pore structure can be obtained with membranes that result from S-1 demixing. Membranes that are prepared via an 1-1 demixing often show isolated pores. Very often special precaution must be taken to improve the connectivity of pores in order to avoid too high resistance toward permeation of the membrane. 26 The larger these solid particles are, the larger the voids, resulting in a larger effective pore size in the membrane. Indeed the pore size gives a larger value for a membrane with a larger crystallite size than for membranes with a finer morphology (see Figs. 4 and 5 in combination with Table 11 ). Skinless membrane structures were easily prepared with nylon 4,6, while membrane manufacturers of nylon 6 and nylon 6,6 membranes had to use rather high solvent concentrations in the coagulation bathz7 or had to induce phase separation by water vapor28 in order to avoid thick skin layers in the membranes.
The DSC thermograms of the membranes can be compared with the material as it was received (Fig.  6 ) . The polymer shows a large endothermic peak at 297°C; the membranes exhibit smaller but very distinct melting endothermic peaks at somewhat lower temperatures. The membranes prepared are clearly semicrystalline in nature. The heat of fusion for the membranes is somewhat less than for the polymer as it was received, indicating that the degree of crystallization is somewhat lower for the membranes.
The morphology of the membranes is finer when the polymer concentration or when the water concentration at the same polymer concentration has increased. In order to quantify this behavior a nucleation density is defined as the total number of entities in the membrane structure per unit area of a cross section. Nucleation density is the result of nucleation rate and nucleus growth. Assuming that one unit ( a spherulite or axialite for s-1 demixing or a cell for 1-1 demixing) has grown from one nucleus, one can count the number of units per area on a cross section of an SEM picture. Though the structure visualized with SEM is that of a final dry state and membrane formation takes place in the liquid state, nucleation density as it is described above can be compared when the polymer and/or water concentration is varied. Nuclei that have disappeared because of Oswald ripening and/or coalescence are not taken into account. In Figure 7 the nucleation density is plotted as a function of the ternary solution from which the membranes were cast. The dots give the nucleation density for a finer 1-1 demixing structure; the unit N then gives the number of cells; the crosses represent the s-1 type of demixing. Starting from a low polymer concentration the nucleation density increases nonlinearly with an increasing polymer concentration. The same trend is found for an increasing water content in the polymer solution at a constant polymer concentration.
DISCUSSION

Spherulite Formation
AS illustrated in Figure 4 , some membranes showed a spherulitic structure with spherulites that differ in size from 10 to 2 pm for membranes with an increasing polymer and/or water concentration in the starting solution. The schematic development of The size of the spherulites grown from a pure polymeric melt is generally dependent on the extent of undercooling. At high undercoolings more spherulites are nucleated per unit volume. The larger the nucleation density, the less spherulites are able to grow freely before they reach a neighboring spherulite. For our membrane system apparently the nucleation density increases with increasing polymer concentration and/or increasing water concentration in the polymer dope (Figs. 4, 5, 7 ) .
Spherulitic structures in membranes resulting from s-1 phase separation of the binary-system polypropylene in mineral oils quenched from 245 to Table I1 and Nonsolvent Concentrations
Characteristics of Nylon 4,6 Membranes Varying as a Function of Polymer
Concentration
Water Flux Air Permeability The spherulite size decreased, because of an increasing nucleation density, when the cooling rate is faster and the crystallization temperature is lower or if a nucleating agent, such as adipic acid, was used. Spherulitic growth of other polyamides from solution is reported by Keller30931 for polyamide 6,6 and polyamide 6,lO from formic acid and cresol and by Magil132,33 for the 'odd-odd' nylons and the 'oddeven' nylons. Films were prepared by evaporation of solvent or by quenching in water.
It is expected that the membrane morphology described by Marinaccio and Knight 2o for semicrystalline nylons is a result of the same type of demixing phenomena as observed by us. The authors mentioned that ". . . Soldatov et a1." investigated the precipitation behavior of nylon 6 films in aqueous acetone. They discussed that with an increasing acetone content a structure conversion occurs: first the film has a cellular morphology; the use of pure acetone results in a structure composed of 'globules' with a size of 3-5 pm.
It can be concluded that the phenomena found for nylon 4,6 can be generalized for other aliphatic polyamides, though nylon 4,6 is a much more rapidly crystallizing nylon. Therefore the kinetical crystallization process is likely to yield a more pronounced crystalline structure for nylon 4,6 compared to the other aliphatic nylons.
Solid-liquid Demixing Versus Liquid-Liquid Demixing An 1-1 demixing region is present for the ternary system nylon 4,6 formic acid, and water. At low polymer concentrations, for example, 15 wt % of polymer, the polymer solution at different positions in the film during the diffusion processes phase separate according to an 1-1 demixing mechanism. For the cast polymer films at a polymer concentration of 15 wt %, the polymer and the water concentration both will increase during the diffusion processes. This means that the composition passes through a region in the phase diagram, in which s-1 demixing would occur, for instance when membrane formation was started with a film containing 20 or 25 wt % of polymer and 5 or 10 wt % of water (see Table I ) . The final membrane structure, however, differs to a large extent. Since an s-1 interface has a higher surface energy than an 1-1 interface, nucleus formation of a solid phase in a liquid is energetically much more difficult than the formation of a liquid nucleus in a liquid phase. Compositions within the s-1 region will not nuc!eate easily from a homogeneous solution. Solutions with lower polymer concentrations pass through the meta-stable region (s-1 demixing can take place thermodynamically) toward the binodal. These solutions remain homogeneous until the 1-1 binodal is crossed. Two effects can explain s-1 demixing, despite the fact that nucleation is energetically more difficult. The first one is that nuclei were already present in the solution; s-1 demixing is for instance initiated by small crystallites in the solution. The process of crystal growth takes place by secondary nucleation of polymer molecules on the crystalline nucleus. For the membranes with a large nucleation density (Fig.  7 ) that show an axialitic structure, it is expected that a large number of small precursor crystallites are already present in the initial solution. The second possible cause is that the time available for crystallization is large enough to enable s-1 demixing to take place before phase separation occurs according to an 1-1 demixing mechanism. For the lower polymer concentrations (< 17 wt % ) the viscosity of the solution is relatively low. Diffusion processes are fast and therefore the time that the composition in the film is in the s-1 demixing gap is too short to allow a crystallization process to take place. If this is the case it is expected that crystallization will occur if the diffusion processes are slowed down. In order to verify this hypothesis, a 15 wt % polymer film was precipitated in a saturated water vapor atmosphere. This film exhibited 1-1 demixing when allowed to phase separate in a water bath (Fig. 4) .
The morphology of the membrane precipitated from the vapor phase is shown in Figure 9 . Large spherulites with a size of 20 pm have grown in the membrane. Apparently the crystallization process can take place because of the slower diffusion processes of the in-diffusion of nonsolvent and the out-diffusion of solvent. The time available for a composition in the film within the s-1 demixing gap is large enough to initiate the process of nucleation and growth of a (solid) nucleus.
For this system (nylon 4,6, formic acid, and water) it can be concluded that the crystallization line is always positioned before the binodal, as is schematically shown in Figure 10 . Thermodynamic crystallization is the favorable phase separation process. In some cases, however, it is possible to surpass the crystallization region, when the kinetic demixing conditions during DIPS are fast relative to the time necessary for s-1 demixing.
Our results for the membrane formation mechanism for the nylon 4, 6 membranes are in agreement with results discussed by Wijmans et a1. 16 and Reuvers.17 According to Reuvers crystallization is the thermodynamically most favorable state for the ternary system PPO-TCE-octanol. Demixing processes carried out with a liquid nonsolvent usually give a membrane morphology as a result of 1-1 phase separation. Wijman et a1.16 discussed a series of experiments in which membranes were prepared by phase inversion from the vapor phase using a vapor of octanol as a nonsolvent. In contradiction to the conclusions drawn by Wymans, the SEM photos show structures that are most likely a result of a crystallization process. The rate of in-diffusion of nonsolvent and out-diffusion of solvent in a vapor phase induced demixing process is slow enough to allow crystallization to be the most important phase separation mechanism for the ternary system PPO-TCE-octanol.
Solid-liquid demixing is competitive with 1-1 demixing in a DIPS process only if small nuclei are already present in the solution (heterogeneous nucleation) or if the diffusion processes are slow enough to have enough time available for the nucleation process of a crystalline nucleus. Even while crystallization is thermodynamically the most favorable state 1-1 demixing still can take place as a first phase separation process.
CONCLUSIONS
Crystallization (s-1 demixing) occurs in the DIPS process for the preparation of nylon 4, 6 membranes, resulting in a spherulitic or axialitic morphology of the membrane. Solid-liquid demixing takes place starting from films of solutions of nylon 4, 6 in formic acid with polymer concentrations larger than 17 wt ' 3% upon quenching in a water bath. These polyamide membranes exhibit a clear melting peak (DSC) . At lower concentrations the membrane morphology is a result of 1-1 demixing. Solid-liquid demixing is kinetically competitive with 1-1 demixing in a DIPS process if small nuclei are already present in the starting solutions (heterogeneous nucleation) or if a relatively long time is available for the process of crystallization. The morphology resulting from s-1 demixing is a result of spherulitic crystallization. Spherulites can grow freely if the nucleation density is small. Higher polymer concentrations and lower concentrated polymer solutions containing nonsolvent in larger concentrations give a large concentration of nuclei in the beginning. If nucleation density is large, the precursors for spherulites cannot grow until they attain the symmetric growth stage, resulting in an axialitic structure.
